We used a primary panel survey at the household level conducted in 18 remote natural villages over three waves in China to study how road access shapes farmers' agricultural production patterns and input uses. Our results show that access to roads is strongly associated with specialization in agricultural production. In natural villages with better road access, farmers plant fewer numbers of crops, purchase more fertilizer, and invest more money on labor hiring. In combination of these factors, road connections improve household agricultural income, and in particular cash income. However, better access to rural roads does not appear to bring about significant changes in non-agricultural income.
Introduction
In developing countries, the rural poor often live in isolated areas. Being far away from the market, the poor are more likely to rely on self-sufficient subsistence farming to survive.
Spatial poverty traps are a silent feature in rural landscape (Jalan and Ravallion, 2002) . Rural roads have been argued as one key instrument to overcome the spatial poverty traps in developing countries (Calderón 2009; Escobal and Ponce 2002; Fan and Hazell 2001; Jacoby and Minten 2008) . However, because rural roads are often remote and hard to reach, it may be costly to build. Therefore, rigorous impact assessments on rural roads in lagging areas are critically needed for policy interventions.
There have been a limited number of studies evaluating the returns to road investment in developing countries, but many of them are conducted at the aggregate level (Fan and Hazell, 2011; Zhang and Fan, 2004) . However, the studies at the aggregate level have been criticized for failing to uncover the mechanisms driving how road connections shape household production and consumption behavior (Jacoby, 2000) . The studies at the household level, on the other hand, often rely on cross-sectional data due to difficulties in obtaining long-term time series data in poor areas. However, the issue of road placement endogeneity complicates such a reliance on cross-sectional data. To overcome this problem of endogeneity, Jacoby (2000) develops an innovative approach to evaluate the impact of road access on agricultural land values, which uses the discounted stream of maximal profits from cultivation to measure the value of land. Yet, because there are a large number of landless laborers in many developing countries, the approach is not adequate to evaluate the impact on overall rural welfare. In the context of China, the method is also inapplicable because farmers hold only the right for land cultivation but not the ownership. In the absence of agricultural land markets, it is impossible to uncover the true farmland values.
In this paper, we make use of a primary collected panel household dataset in a remote and poor area in China to investigate the impact of road connections on rural welfare through the lenses of agricultural specialization and input use. Road connections reshape the production choice setof farmers in isolated areas and can potentially affect agricultural production-the major livelihood of the poor-in at least two ways.
First, with lower transportation costs, farmers may shift their agricultural production from an autarky-based self-sufficient subsistence farming to a more market-oriented specialized production (Limao and Venables 2001; Renkow et al. 2003) . Yang and Ng (1993) develop a theoretical model, showing that producers will choose to specialize in an activity according to their comparative advantage and simply purchase other goods and services from the market, provided that transaction costs are sufficiently small. Using a simulation approach, Omamo (1998) finds that as distance shortens, small-scale farm tends to shift away from diversified cropping patterns in favor of cultivating only one crop. However, the empirical findings are mixed. For example, Stifel et al. (2003) show that in Madagascar the concentration level of agricultural production in the least remote areas is around 1.5 times that of the most remote areas, suggesting that improved road access facilitates specialization in agricultural production. However, Gibson and Rozelle (2003) find that in Papua New Guinea, each extra hour to reach the nearest road induces a 2.6 percent reduction in the number of activities, in contrary to the theoretical prediction.
Second, as improved road access reduces transportation costs, the prices of modern inputs such as fertilizer are more likely to drop (Khandker et al. 2006) . Consequently, farmers may apply more modern inputs to improve agricultural productivity. At the same time, farmers may hire more labor to take care of the land as agricultural production becomes more specialized as road access improves. Gollin and Rogerson (2010) Benziger (1996) finds that better road access leads to increasing fertilizer use in villages in Hebei, China. In the context of Madagascar, Stifel et al. (2003) show that farmers in more isolated regions use less fertilizer than those in places with better road access. However, Dorosh et al. (2010) paint a more complicated story: Input use depends on not only distance to roads but also the density of road networks. For example, in East Africa, reducing travel time significantly increases adoption of high-input/high-yield technology, while the impacts of roads are insignificant in West Africa, where the density of road networks is relatively higher at the beginning.
One challenge to empirically evaluate the impact of road access on agricultural production is limited data. Most of the empirical studies rely on cross-sectional data, making it hard to control for unobserved factors. In this paper, we use a primary household panel dataset collected throughout 18 natural villages over three waves in Guizhou province, China, to study how road access shapes farmers' cropping patterns and input use.
Our dataset possesses two advantages in studying the impact of access to road networks in isolated villages. First, as a non-recall panel data, our study provides relatively accurate and credible information with respect to household agricultural production. Second, the three waves of data allow us to conduct a difference-in-difference analysis, which helps to mitigate estimation biasesas a result of omitting variables and reverse causality commonly seen in regressions based on cross-sectional datasets. To the best of our knowledge, this is the first paper to empirically document the causal impact of road access on agricultural specialization and input use in China.
We find that access to roads fosters household agricultural specialization. The impact is economically significant and is about one-fourth of the standard deviation of the standard Herfindahl-Hirschman specialization index. In addition, better road connectivity induced farmers to apply more fertilizer. Thanks to these two channels, road access is shown to boost farmers' agricultural income. However, the introduction of road access does not seem to improve farmers' non-agricultural income in this remote area.
The findings may have some policy implications for China as well as other developing countries. In the past several decades, the Chinese government has made significant investments to build a nationwide highway system. As the highway density increases, the marginal returns to highway investment are likely to decrease. Fan and Chan-Kang (2005) argue that it may make more economic sense to gear investment towards rural roads.
However, rural roads carry less traffic and are harder to maintain, often making it more costly to build rural roads in remote areas. Therefore, it is important to gather more evidence as to how rural roads affect agricultural patterns and rural livelihoods in lagging regions.
One should be cautious in explaining the findings. Our sample focuses only on the mountainous rural areas in southwestern China, where smallholder farming is the dominant mode of agricultural production. As China is a large and spatially diverse country, the findings drawn from this sample may be not applicable to China as a whole.
Despite this limitation, our study may shed some light on other developing countries.
Many parts of rural Africa have limited road access, mirroring the survey area in Guizhou province. Governments and donors face the similar tradeoff of whether to build roads where people live or invest in areas where jobs are located. The public investment strategy largely hinges upon the precise estimates of benefit-cost ratios among different types of investments, including social and productive investments (for example, social safety nets and rural roads).
However, due to lack of data covering multiple time periods, rigorous impact evaluations on rural roads in Africa are lacking. Our study has documented the mechanism as to how road connections might affect farming practices and rural livelihoods in isolated and impoverished regions.
Description of Data
As shown in Figure 1 , Guizhou is located in the southwest area of China. As one of the poorest provinces, Guizhou has the least road length per capita due in part to its mountainous terrain. Figure 2 depicts the road system in Guizhou as of 2004. Highway networks are sparse in Guizhou, with only four roads reaching from the provincial capital (Guiyang Shi) to major big cities in the province. Although there are more numbers of national roads and province roads, the density is much lower than the national mean. In the mountainous villages, many households in practice subsistence farming, whereas households in relatively flatter areas are much better off due to better road connections. The large variation in road access in our sample thus provides us with a valuable opportunity to study the road impact on agricultural production in China.
The survey site is in Puding County, consisting of 11 townships, 317 administrative villages, and a total population of 448,000 people by the end of 2008. An "administrative village" is a bureaucratic entity comprised of several "natural villages" (hamlets). A typical natural village includes about 30-50 households. It is too small to form an administrative unit. As a result, some nearby natural villages are artificially put together to create an administrative village. However, in the mountainous area, sometimes it takes a few hours to walk from one natural village to another one within the same administrative village.
The natural villages exhibit large variations in the degree of road access. We define a road being accessible if tractors can drive through during the rainy season. Table 1 The surveys collected detailed information on household characteristics, demographics, income, agricultural production, and consumption.
As we are interested in the impact of road access on agricultural specialization, we constructed a Herfindahl-Hirschman index to measure varying degrees of specialization at the household level. The Herfindahl-Hirschman index is defined as the sum of squares of agricultural income shares derived from different production activities. The specialization index ranges between 0 and 1. The greater the value, the higher is the degree of specialization.
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For example, if the household produces maize and fruit, with an income of 2,000 yuan and 3,000 yuan, then the specialization index is calculated as (2000/5000) 2 +(3000/5000) 2 =0.52. (2)). In so doing, we obtain comparable household vegetable income for all the three waves. For the second alternative measurement, we reclassify the non-overlapping subcategories and the rest of the income as "other." After the adjustment, there are nine comparable subcategories of agricultural income across the three waves (variable denoted as HHI (3)). The summary statistics reveal stark differences between households with and without road access. As shown in Table 4 , mean household income in villages with road access is almost double that of villages without road access. Both the agricultural and non-agricultural incomes per capita in households with road access are higher than their counterparts without roads. In terms of agricultural production, the villages with roads were more specialized than those without connecting access to roads. In general, households with road access tend to have smaller household size, larger areas of cultivated land, higher levels of education, and slightly lower numbers of primary age laborers.
Empirical Model
Our empirical question is the following: does road access have any impact on extent of specialization and input use in agricultural production? In this paper, we adopt a difference-in-difference method to answer this question. The specification is as follows:
whereY i,t is a dependent variable for household in time ;Road i denotes whether the village to which household belongs has a road by the end of our last wave of survey (year 2009);
Beforeafter i,t denotes whether the village household belongs to has road access or not in year t; Z i,t represents a series of control variables, including cultivated land area, number of primary age labor force aging between 16 to 60 in the family, household size, the highest year of education within the household, and whether there is village cadre in the household; φ village stands for natural village fixed effects; ψ year controls for year fixed effects; ε i,t is the error term.
Our coefficient of interest is 2 , which represents the impact of road access on the with such a small number of observations. Since the objective of our paper is to examine how households respond to road connections in their production decisions, the potential endogeneity problem of road placement, if any, is minimal. As shown in Table 5 , better road connections also induce farmers to apply more fertilizer.
Empirical results
After improvements in road connections, fertilizer use (yuan per mu) rose by 29.7 percent (after translating the log form coefficient 0.26 into a real growth rate). Similarly, road access boosted households' expenditure on hired labor by 37.7 percent (after translating the log form coefficient 0.32 into a real growth rate).
As farmers specialize in their agricultural production, apply greater amounts of modern inputs, and hire more skilled professional workers, we expect their agricultural income to increase as well. Table 6 summarizes the regressions on household income, including agricultural income, non-agricultural income and total income per capita. As expected, road access enhances agricultural income by 29.7 percent (after translating the log form coefficient 0.26 into a real growth rate), which is significant at the 0.05 level. However, roads do not appear to play a major role in shaping non-agricultural household income. In this area, most young people migrate outside of the province to work in the nonfarm sector. Road conditions are not a significant factor in their decision to migrate. Overall, the impact of roads on total income is positive but not significant.
As a robustness check to the results on agricultural income, we conduct further regressions on agricultural cash income. As road access facilitates agricultural specialization, which turns the village away from autarky and toward a more integrated economy, farmers are likely to sell more surplus agricultural product to the market, thereby earning a larger share of cash income. As shown in Columns 7-8 in Table 6 ,the coefficient for the road variable is 0.32 (significant at the 0.05 level). This means that road access would lift agricultural cash income by 37.7%.
Robustness Checks
As suggested by Cameron et al. (2008) as its standard error. β 1 is the OLS estimate from the original sample. 3) Use the empirical distribution of w 1 * , w 2 * , …w B * to determine critical values and p-values. In our case, G=51 (17 natural villages * 3 survey years) and B=1000. Table 7 and Table 8 display the estimation using cluster bootstrap. As we expected, the significance level decreases for several coefficients, including fertilizer use, hired labor cost, agricultural income, and agricultural cash income. But the significance level only disappears for one coefficient in the regression on agricultural income at the 10 percent level. Therefore, our estimation is robust given small number of clusters.
Conclusions
In this paper, through the use of primary census-type household surveys in remote villages in China, we examine the impact of road access on agricultural production, and particularly on specialization and intermediate input use. We find that better access to roads facilitates agricultural specialization, induces farmers to use more fertilizer, and prompts the hiring of more labor. Considering these factors together, road access played a positive role in increasing agricultural income in our sample. However, its impact on non-agricultural income is rather minimal.
A possible reason for the insignificant impact on the non-agricultural sector is that the era of rural surplus labor in China has been over since the mid-2000s (Zhang et al., 2011) . Under this circumstance, farmers increasingly rely on remittance as the major nonfarm income. In this remote area, farmers' migration decisions may have little to do with local infrastructure conditions. However, road access may help facilitate the market integration of the agricultural economy, therefore enlarging the production scale of products with comparative advantage.
For example, in Natural Village 4 of Administrative Village II, the natural endowment is suitable for growing peaches. Before improvements in road connections, peaches were often damaged after being carried by shoulder to the nearest market for a long walk. After building a road, farmers are able to sell their peaches at a collection point right in their natural village.
As a result, peach production has boomed in this area.
We shall add a cautious note that the findings on the positive impact of road investment on agricultural production do not necessarily mean that roads should be built to connect to all the remaining natural villages, as the marginal cost of building roads to the more remote communities may far outweigh the benefit. Thus, a benefit-cost analysis is needed when considering such rural road projects. (2005, 2007, 2010) . Source : Authors' survey (2005, 2007, 2010) . Source : Authors' survey (2005, 2007, 2010) . All the prices are deflated to year 2003. 
Road -0.12*** -0.14*** -0.12*** -0.14*** -0.12*** -0.13*** 0. Notes : 1. Households with no land are dropped from the regression for sample consistency through all the regressions. In addition, seven observations with self consumption ratio larger than one are dropped which are possibly generated from recording errors. Main findings remain the same after including those dropped observations; 2. *significant at 0.10 level; ** significant at 0.05 level; *** significant at 0.01 level. 3. Robust standard errors are clustered at natural village * year level.
Fertilizer use (per mu ) HHI (1) HHI (2) HHI (3) (1) Households with no land are dropped from the regression for sample consistency through all the regressions. In addition, seven observations with self consumption ratio larger than one are dropped which are possibly generated from recording errors. Main findings remain the same after including those dropped observations; 2. *significant at 0.10 level; ** significant at 0.05 level; *** significant at 0.01 level. 3. Robust standard errors are clustered at natural village * year level. Households with no land are dropped from the regression for sample consistency through all the regressions. In addition, seven observations with self consumption ratio larger than one are dropped which are possibly generated from recording errors. Main findings remain the same after including those dropped observations; 2. *significant at 0.10 level; ** significant at 0.05 level; *** significant at 0.01 level. 3. Robust standard errors are clustered at natural village * year level. Households with no land are dropped from the regression for sample consistency through all the regressions. In addition, seven observations with self consumption ratio larger than one are dropped which are possibly generated from recording errors. Main findings remain the same after including those dropped observations; 2. *significant at 0.10 level; ** significant at 0.05 level; *** significant at 0.01 level. 3. Robust standard errors are clustered at natural village * year level. 
Dependent Variables: Agricultural specialization indices and input use (fertilizer and labor input)

